Background-We previously developed an antibody-avidin fusion protein (ch128.1Av) specific for the human transferrin receptor 1 (TfR1; CD71) to be used as a delivery vector for cancer therapy and showed that ch128.1Av delivers the biotinylated plant toxin saporin-6 into malignant B cells. However, due to widespread expression of TfR1, delivery of the toxin to normal cells is a concern. Therefore, we explored the potential of dual targeted lentiviral-mediated gene therapy approaches to restrict gene expression to malignant B cells. Targeting occurs through the use of ch128.1Av or its parental antibody without avidin (ch128.1) and through transcriptional regulation using an immunoglobulin promoter.
Introduction
The multiple, complicated steps involved in B cell differentiation and activation make these cells especially susceptible to oncogenic mutations, resulting in a variety of malignancies originating from B cells at various stages of differentiation [1] . Multiple myeloma (MM) is derived from terminally differentiated B cells (plasma cells) and is the second most common hematologic malignancy [2, 3] . In 2013, there is an estimated 22,350 new cases diagnosed and 10,710 MM-associated deaths in the United States [2] . Approval of the immunomodulatory agents thalidomide, lenalidomide, and pomalidomide, along with the proteasome inhibitors bortezomib and carfilzomib, in combination with doxorubicin and dexamethasone have significantly improved the overall outcome of MM [3] [4] [5] . Despite these advances, MM remains incurable [3, 6] . Non-Hodgkin lymphoma (NHL) is a term covering a heterogeneous group of lymphoproliferative malignancies. NHL is the most common hematologic malignancy in the United States, with an estimated 69,740 new cases in year 2013 and 19,020 NHL-associated deaths in 2013 [2] . Approximately 80% of NHL are B cell malignancies and the majority of these express surface CD20, a transmembrane protein expressed on the membrane of all B cells starting at the pro-B phase that is involved in B-cell signaling, proliferation and differentiation [7] [8] [9] . Rituximab, a mouse/human chimeric anti-CD20 IgG1, is widely used with standard chemotherapy regimens, resulting in higher response rates and improved survival in a subset of NHL patients [10] [11] [12] . Unfortunately, some patients do not initially respond to these treatments and relapse is common among those that do [13] [14] [15] . Mantle cell lymphoma (MCL) is a type of NHL that has particularly poor prognosis and is considered incurable [16] [17] [18] . The genetic hallmark of MCL is the translocation t(11;14)(q13;q32), which leads to aberrant expression of the cell cycle regulator cyclin D1 and the increased proliferation of mature B lymphocytes. MCL responds poorly to conventional therapies (including rituximab), with a relatively short median survival of 3-5 years [17] [18] [19] . Therefore, there is an urgent need for innovative approaches for the treatment of several types of B cell malignancies.
Iron is a cofactor of heme and non-heme proteins important for many cellular processes, including metabolism, respiration, and DNA synthesis [20] [21] [22] . Transportation of iron into cells occurs through binding of iron-loaded transferrin to the transferrin receptor 1 (TfR1, also known as CD71) on the cell surface. The receptor is constitutively internalized into cells in clathrin-coated pits through receptor-mediated endocytosis and is recycled back to the cell surface. The TfR1 is ubiquitously expressed at low levels on normal cells and is expressed at greater levels on cells with a high proliferation rate or an increased need for iron. Elevated levels of TfR1 expression have been observed in cancer cells, including hematopoietic cancers [20] [21] [22] . Correlation of increased TfR1 expression with tumor stage or prognosis has been observed in chronic lymphocytic leukemia and NHL [23] . Due to all of these properties, the TfR1 has been extensively used as a therapeutic target for cancer therapy [20, 22, 24] . DNA delivery mediated by TfR targeting, a process known as transferrinfection [25] , has been reported and used to deliver polymers/polyplexes, lipsomes, or viral vectors into cancer cells [22, 24] .
In order to target cancer cells overexpressing the TfR1, our group previously developed an antibody fusion protein that consists of a mouse/human chimeric antibody with human IgG3 constant regions and the variable regions of the 128.1 murine monoclonal antibody specific for human TfR1 genetically fused to chicken avidin at its carboxy terminus (ch128.1Av; previously known as anti-hTfR IgG3-Av) [26] [27] [28] . ch128.1Av was developed as a universal delivery system to transport biotinylated anti-cancer agents into cells [26, 27] . ch128.1Av, and its parental antibody ch128.1 (previously known as anti-hTfR1 IgG3) to a lesser extent, was also shown to exhibit intrinsic cytotoxic activity against certain malignant B-cell lines due to induction of TfR1 degradation and lethal iron deprivation [26, 29, 30] . ch128.1Av alone was able to block Akt and NF-κB survival pathways [31] , which are important for myeloma development and progression [32] . Importantly, both ch128.1 and ch128.1Av show significant anti-tumor activity in two in vivo models of MM [33] . Conjugation of ch128.1Av with biotinylated saporin 6, a plant ribosomal inactivating toxin, overcame resistance of malignant B-cells to the treatment of ch128.1Av [34] . The mechanism of cell death induced by ch128.1Av conjugated to this toxin was shown to be due to the effects of the toxin and not iron starvation [35] , suggesting the ability of ch128.1Av to deliver active anti-cancer agents into TfR1 overexpressing malignant cells. ch128.1Av alone is not toxic to normal hematopoietic stem/early progenitor cells [33] or late progenitors [34] . However, conjugation of ch128.1Av with biotinylated saporin was highly toxic to late progenitor cells of both the erythroid and myeloid lineages [34] . Importantly, no toxicity to hematopoietic stem/early progenitor cells was observed upon treatment with the ch128.1Av complexed with biotinylated saporin [35] , which is consistent with the lack of TfR1 expression on these cells [36] [37] [38] .
To overcome the potential side effects of the delivery of toxic proteins into normal cells expressing the TfR1, we have developed a new gene therapy strategy. We have previously shown targeted delivery of enhanced green fluorescent protein (EGFP) into Jurkat T cell leukemia cells using biotinylated lentiviral vectors conjugated to ch128.1Av [39] . Lentiviruses were chosen since they can transduce non-dividing cells and are less immunogenic than their adenoviral counterparts [40] . The goal of the current study was to expand that approach and develop dual targeted strategies using targeted lentiviral-mediated gene delivery for the treatment of B cell malignancies. Since the TfR1 is overexpressed on the surface of cancer cells and in order to enhance the therapeutic window, the first level of targeting occurs through the use of our antibodies specific for the TfR1 in two different strategies: 1) lentiviral vectors pseudotyped with a modified chimeric Sindbis virus envelope encoding the Fc-binding region (ZZ domain) of protein A (2.2 SINDBIS) conjugated to ch128.1, and 2) pseudotyped virus containing the biotin adaptor peptide (BAP SINDBIS) instead of the ZZ domain, which results in biotinylation of the surface of the virus, conjugated to ch128.1Av. The second level of targeting will occur through the transcriptional restriction of the expression of the therapeutic gene expression using an immunoglobulin promoter (Ig). In this report, we show that ch128.1 and ch128.1Av are able to deliver lentiviruses into a panel of malignant B cells, within which the expression of EGFP is controlled by the Ig promoter. Additionally, we show delivery of a therapeutic gene in a prodrug strategy that leads to malignant plasma cell death. Our results suggest that these gene therapy strategies deserve further study as alternative treatment options for MM, and possibly other B-cell malignancies.
Materials and Methods

Lentiviral vectors
Schematic diagrams for each envelope construct are provided in Figure 1A . The envelope plasmids used in this study include VSV-G (vesicular stomatitis virus glycoprotein, Addgene, Cambridge, MA), to produce a virus with a pseudotyped envelope that confers a broad host cell tropism for use as a non-TfR targeted control virus, and vectors pseudotyped with chimeric Sindbis virus envelope proteins for use in antibody-targeted strategies. The 2.2 SINDBIS envelope has been previously described and consists of a modified SINDBIS envelope protein in which the IgG-binding domain of protein A (ZZ domain) has been inserted into the E2 coat protein [41] . Additionally, 2.2 SINDBIS contains mutations in the E2 protein that decrease the natural tropism of the virus while maintaining high viral titers [42] . The 2.2 SINDBIS envelope vector also has mutations in amino acids 226 and 227 of the E1 protein that have been reported to mediate fusion in the absence of the lipid cholesterol [43] and increase the infectivity of the virus [41] . The BAP SINDBIS envelope vector has also been previously described and was constructed by inserting the biotin adapter peptide (BAP) between the two flexible linkers of 2.2 1L1L [39] .
The following self-inactivating (SIN) expression plasmids were used: FUGW, encoding EGFP under the control of the ubiquitin c (Ubi-c) promoter (Addgene); KIEIgP-EGFP-SIN, EGFP under the control of a synthetic Ig heavy chain promoter containing the murine kappa light chain 3′ and intronic enhancer [44] (a kind gift from Dr. David Dingli, Mayo Clinic and Foundation, Rochester, MN); FUFCUW and KIEIgP-FCU1-SIN were constructed by replacing the EGFP gene with the gene encoding the FCU1 enzyme (taken from pET9811 [45] , a kind gift from Dr. Sherie Morrison, UCLA, Los Angeles, CA) using BamHI and XhoI. Prior to cloning, the XhoI site within the FCU1 gene (corresponding to amino acids 95-96) was mutated from cytosine to guanine at residue 285 to disrupt this XhoI site while maintaining the same amino acid sequence. This mutagenesis was performed by Retrogen, Inc. (San Diego, CA). Schematic diagrams for each lentiviral expression plasmid are shown in Figure 1B . The packaging plasmid psPAX2 is a second-generation plasmid that produces high titer virus (Addgene). For the production of biotinylated viruses using the BAP SINDBIS envelope protein, the pSec BirA plasmid (a kind gift from Dr. Michael Barry, Baylor College of Medicine, Houston, TX) was also used for the expression of biotin ligase to produce biotinylated lentiviruses.
Production of recombinant lentiviruses
All lentiviruses were produced in 293T human embryonic kidney cells, using the calcium phosphate transfection method as described previously [42, 46] . Briefly, 293T cells were transfected with envelope protein expression vectors (10 μg), packaging plasmid psPAX2 (10 μg), and vector containing gene of interest with either Ubi-c or Ig promoter (15 μg). For production of biotinylated viruses, 6 μg of pSec BirA was also included and cells were cultured in Opti-MEM (Life Technologies Corporation, Carlsbad, CA, USA) containing 2% FBS and 500 μM of biotin (Sigma-Aldrich, St Louis, MO). Culture supernatant was subjected to ultracentrifugation on a 10% sucrose cushion and the virus pellet was resuspended in Hank's buffered salt solution (HBSS) (Corning, Manassas, VA). Biotinylated virus was dialyzed in PBS for 4 hours to eliminate residual biotin. The concentrations of virus were quantified by measuring the amount of viral capsid protein (p24) in the CFAR virology core laboratory at UCLA. Viruses were aliquoted and frozen at −80°C until use.
Recombinant antibody and fusion protein production
The anti-human transferrin receptor antibody (ch128.1), avidin fusion protein (ch128.1Av), and IgG3-Av (isotype control fusion protein specific for the hapten dansyl: 5-dimethylamino haphthalene-1-sulfonyl chloride) have been described previously [26, 27] . ch128.1 (previously known as anti-hTfR IgG3) is a mouse/human chimeric antibody with human IgG3 constant regions and the variable regions of the 128.1 murine monoclonal antibody specific for the human TfR1 (CD71). ch128.1Av (previously known as anti-hTfR IgG3-Av) consists of ch128.1 genetically fused to chicken avidin at the carboxy terminus of each heavy chain. The antibody and fusion proteins were expressed in murine myeloma cells and were purified from cell culture supernatants using affinity chromatography [26, 27, 47] . The ch128.1 antibody and the fusion proteins were dialyzed in 150 mM NaCl, 50 mM Tris-HCl, pH 7.8 and protein concentration was determined using the bicinchoninic acid assay kit (BCA; Thermo Fisher Scientific, Walnut, CA).
Western blot analysis
Viral vectors (0.3-0.5 μg protein) were separated on a 12% Bis-Tris NuPAGE gel (Life Technologies Corporation, Carlsbad, CA) under reducing conditions. Proteins were transferred to nitrocellulose (GE Healthcare Biosciences, Pittsburgh, PA). Immunoblot analysis of envelope proteins was performed with anti-Sindbis ascites fluid (ATCC, Manassas, VA) and HRP-conjugated anti-mouse IgG secondary antibody (GE Healthcare Biosciences). Biotinylation of envelope proteins was detected using HRP-conjugated NeutrAvidin ® (Thermo Fisher Scientific). Protein bands were visualized using Chemiglow and Alpha Innotech FluorChem Imaging System (ProteinSimple, Santa Clara, CA).
Cell Lines
293T human embryonic kidney cells were cultured in IMDM (Life Technologies Corporation) containing 10% FBS (Hyclone Defined FBS, Thermo Fisher Scientific), 100 U/mL penicillin and 10 μg/mL streptomycin (Life Technologies Corporation). The following human cell lines were cultured in RPMI (Life Technologies Corporation) containing 10% FBS (Atlanta Biologicals, Lawrenceville, GA): IM-9 (EBV-transformed B lymphoblastoid); U266, KMS-11, RPMI 8226, MM.1S (multiple myeloma); Jurkat (acute T cell leukemia); MOLT-4 and CCRF-CEM (acute T-lymphoblastic leukemia); and Z-138 and REC-1 (mantle cell lymphoma) cell lines. KMS-11 cells were a kind gift from Dr. Lawrence Boise (Emory University, Atlanta, GA). All other cell lines were purchased from ATCC (Manassas, VA). TfR1 expression on the surface of these cell lines has been previously shown for IM-9 and U266 [30, 34] , KMS-11 [33] , and Jurkat [30] . Expression on the surface of the other cell lines is shown in Supplementary Figure 1 .
Transduction
Virus (40 ng p24) was conjugated with 1 μg of ch128.1, ch128.1Av, or IgG3-Av for 30 minutes on ice prior to transduction. 200,000 cells were incubated with viruses in 100 μl media for 2 hours in eppendorf tubes at 37°C, 5% CO 2 . Cells were then resuspended in fresh media and plated in 24 well plates.
EGFP expression by flow cytometry
Cells transduced with vectors containing the EGFP gene were collected 4 days posttransduction, washed with PBS, resuspended in flow buffer (PBS buffer with 0.5% BSA, 2 mM EDTA) and fixed in 4% paraformaldehyde before being analyzed by flow cytometry on FACScan flow cytometer (BD Biosciences, San Jose, CA). Ten thousand events were recorded for each flow cytometry measurement. Data were analyzed using FCS Express V3 software (De Novo Software, Los Angeles, CA).
Production of soluble transferrin receptor (sTfR1)
BHK cells secreting His-tagged sTfR1 [48] (a kind gift from Dr. Anne B. Mason, University of Vermont, Burlington, VT) were cultured in IMDM with 10% FBS, 100 U/mL penicillin and 10 μg/mL streptomycin. Cells were seeded in roller bottles (Thermo Fisher Scientific Inc.) initially in IMDM medium and expanded in Pro293A-CDM serum-free medium (Lonza Group Ltd, Rockland, ME) after adherence to the surface of the rollerbottles. Cell supernatants were harvested and the sTfR1 was purified using a 9 mL Flex Column (ThermoFisher Scientific Inc.) containing Nickel Sepharose Excel (GE Healthcare). Protein was eluted from the column using 50 mM Tris-HCl, 200 mM NaCl and various concentrations of imidazole, ranging from 20-500 mM. Fractions containing the sTfR1 were pooled and dialyzed in 150 mM NaCl, 50 mM Tris-HCl, pH 7.8 and protein concentration was determined using the BCA assay kit.
In vitro cytotoxicity assay
Cells were transduced with the various viral vectors containing the FCU1 gene (40 ng). The 5-fluorocytosine (5-FC) prodrug was added to the cells during plating, 2 hours post transduction. Cells were cultured for 4 days and cell viability was determined by transferring 100 μL of cells to 96-well plates in triplicate and incubating them with either 20 μl of MTS solution (Cell Titer 96® AQueous One Solution Cell Proliferation Assay, Promega, Madison, WI) or 10 μl of WST-1 solution (Quick cell proliferation assay kit, Biovision, Milpitas, CA) for 4 hours at 37°C. Plates were read at 450 nm using a FilterMax F5 multi-mode microplate reader (Molecular Devices, Sunnyvale, CA). 5-fluorouracil (5-FU; SigmaAldrich, St Louis, MO) was used to confirm the sensitivity of each cell line to the toxic metabolite. Significant differences in viability were calculated using the Student's t-test (unpaired samples, two-tailed, equal variance). P values < 0.05 were considered to be significant.
Results
B-cell specific expression using the Ig promoter
The B-cell specific promoter that we used contains a synthetic Ig promoter homologous to the murine Ig heavy chain promoter along with the murine kappa light chain 3′ enhancer and the murine kappa light chain intronic enhancer [44] . This promoter with both enhancers, referred to as the Ig promoter, was chosen since high transgene expression levels (30-90%) were previously reported in MM cells using a lentiviral vector with the VSV-G coat protein and the EGFP gene under the control of this promoter [44] . In order to test the activity of the promoter in our system, we used VSV-G pseudotyped viruses encoding the EGFP gene under the control of either the Ig promoter or the ubiquitously active Ubi-c promoter. U266 human MM cells were chosen because they have been previously shown to be resistant to the cytotoxic effects of ch128.1Av alone [26, 34] . The percentage of EGFP expressing cells using the Ig promoter was comparable to that of Ubi-c promoter in U266 cells (Figure 2A) . However, the mean fluorescence intensity (MFI) in the EGFP positive population was much higher in U266 cells transduced with viruses containing the Ig promoter ( Figure 2B ). As expected, in CCRF-CEM human acute T-lymphoblastic leukemia cells EGFP expression was only observed in cells transduced with the EGFP gene under the control of the Ubi-c promoter ( Figure 2 ). Using either promoter, the percentage of EGFP expressing cells was highly variable among the various malignant B-cell lines that we tested (Table 1) . Additionally, in most cell lines the percentage of EGFP expressing cells was lower with the Ig promoter compared to the Ubi-c promoter ( Table 1) . The MFI for all cell lines are shown in Table 2 . Only in U266 and MM.1S cells was the MFI higher with the use of the Ig promoter. Taken together, these data confirm the specificity of the Ig promoter, along with its higher activity in MM cells.
Dual targeted lentiviruses to enhance specific gene delivery to malignant B cells
In order to target TfR1-expressing cells, ch128.1 was conjugated with 2.2 SINDBIS pseudotyped viruses prior to transduction ( Figure 3A ). Viruses pseudotyped with the BAP SINDBIS envelope were conjugated with ch128.1Av ( Figure 3B ) as an alternative strategy to stabilize the conjugation between the targeting molecule and the virus and to examine if the strong biotin-avidin interaction contributes to more efficient gene delivery. Viral envelope proteins were analyzed by western blot. Figure 3C shows the presence of the Sindbis envelope proteins, as well as the biotinylated coat proteins. The E1 Sindbis coat protein is the lower band, while the upper band is E2 fused with E3. These data are consistent with our previous studies [39] and show that the pseudotyped viruses were produced as expected. Both 2.2 SINDBIS and BAP SINDBIS viruses containing the EGFP gene under the transcriptional control of either the Ubi-c or Ig promoter were used to evaluate the efficacy of our dual targeted approaches. EGFP expression under the control of the Ubi-c promoter in U266 cells transduced with ch128.1 conjugated with 2.2 SINDBIS was comparable to that of cells transduced with VSV-G viruses (~ 40-50%; Figures 2 and 4A, Tables 1 and 3) . However, using the Ig promoter, EGFP expression was lower with the 2.2 SINDBIS viruses compared to the VSV-G viruses. Since human IgG3 antibodies do not normally bind protein A [49, 50] , the γ3 heavy chain expression vectors used to produce ch128.1 and ch128.1Av contain an arginine to histidine mutation in the C H Figure 4A ), however, using the Ig promoter ch128.1Av targeted BAP SINDBIS viruses showed slightly higher EGFP expression compared to their 2.2 SINDBIS counterparts (30% versus 23%). Using both promoters, no EGFP expression was observed in U266 cells with non-targeted viruses, BAP SINDBIS conjugated to a non-specific IgG3-Av. EGFP expression in human CCRF-CEM T cells was only observed with targeted viruses containing the Ubi-c promoter and not the Ig promoter ( Figure 4B ). Data from additional cell lines are summarized in Tables 3-4 . Representative flow cytometry results for each cell line are shown in Supplementary Figures 2-4 . The requirement of TfR1 targeting with the targeted 2.2 SINDBIS viruses was demonstrated by adding excess soluble TfR1 (sTfR1) during transduction. In both U266 and RPMI-8226 cells, EGFP expression was reduced to background levels in the presence of sTfR1, independent of the promoter used ( Figure 5 ). Together these data show that both ch128.1 and ch128.1Av can successfully deliver genes to TfR1-expressing cells and that the gene expression can be limited to malignant plasma cells.
Lentiviral-mediated delivery of the FCU-1 gene
Our EGFP data show that the dual targeted lentiviral approach works as expected. Therefore, we sought to deliver a therapeutic gene into malignant plasma cells for the purpose of cancer therapy. The pyrimidine analog 5-fluorouracil (5-FU) is widely used as a cancer therapy, alone or in combination with other chemotherapeutic agents, for the treatment of a range of cancers including colorectal, breast, and head and neck cancers [51] . It exerts its anti-cancer effect by incorporating into DNA and RNA and also by inhibiting thymidylate synthase. The FCU1 gene is a chimeric yeast enzyme that consists of cytosine deaminase (CD) and uracil phosphoribosyltransferase (UPRT). CD converts non-toxic prodrug 5-flurocytosine (5-FC) to the highly cytotoxic metabolites 5-FU, and UPRT in turn converts 5-FU to into the toxic metabolite 5-fluorouridine 5′-monophosphate (5-FUMP). We have previously shown that an antibody-avidin fusion protein similar to ch128.1Av but targeting the rat TfR (anti-rat TfR IgG3-Av) could be used to deliver the biotinylated FCU1 protein to rat myeloma cells, which in the presence of (5-FC) was cytotoxic to these malignant cells [45] .
Based on these results, we delivered the FCU1 gene under the control of the Ig promoter in various cell lines. U266, CCRF-CEM, MM.1S, RPMI-8226, and KMS-11 cells were shown to be sensitive to the toxic metabolite 5-FU prior to the initiation of these studies (data not shown). In U266 cells in the presence of 5-FC, VSV-G pseudotyped viruses containing the FCU1 gene under the control of either the Ubi-c or Ig promoter induced significant 5-FC dose-dependent cell death that was comparable using the two promoters ( Figure 6A ). 2.2 SINDBIS viruses conjugated to ch128.1 using the Ubi-c promoter also induced a dosedependent loss in cell viability in the presence of 5-FC in U266 cells ( Figure 6B) . A slight increase in cell death was observed with the non-targeted virus combined with the highest concentration of 5-FC (10 mM); however, conjugation of the virus with ch128.1 showed a significant decrease in cell viability compared to this control ( Figure 6B ). The induction of cell death was weaker using the Ig promoter with a significant loss in viability only being observed with the 5 and 10 mM 5-FC. Additionally, the loss in viability between 2.2 SINDBIS viruses conjugated with ch128.1Av and the non-targeting virus control in the presence of 10 mM 5-FC was not significant ( Figure 6B ). BAP SINDBIS viruses conjugated with ch128.1Av showed a dose dependent induction of cell death in the presence of 5-FC with both promoters ( Figure 6C ). In both cases, viruses conjugated with ch128.1Av resulted in significant loss of cell viability, compared to viruses conjugated with IgG3-Av (negative, isotype control) in the presence of 10 mM 5-FC ( Figure 6C ). Similar experiments were conducted in MM.1S cells; however, the induction of cell death with the Ig promoter was much weaker and was not consistently significant (Supplementary Figure 5) . It is important to note that the data presented in Figures 6-7 are compared to viruses in the absence of 5-FC, since slight losses in viability were observed in these cells (data not shown). These slight cytotoxic effects were non-specific and most likely due to infection itself: they were considered to be background levels.
To further explore the specific delivery and expression of a therapeutic gene, we examined cell viability in CCRF-CEM T cells transduced with viruses containing the VSV-G coat protein or the pseudotyped SINDBIS envelope proteins conjugated to ch128.1 or ch128.1Av with either the Ubi-c or Ig promoter. In these T cells using viruses with the VSV-G envelope and the Ubi-c promoter a significant dose-dependent induction of cell death was observed in the presence of 5-FC ( Figure 7A ). As expected, no loss of cell viability was observed using the Ig promoter, further confirming the specificity of the Ig promoter ( Figure 7A ). Similar to this, viruses with the 2.2 SINDBIS envelope conjugated to ch128.1 showed a significant dose dependent loss of cell viability in the presence of 5-FC. In this case, the non-targeted virus controls (virus not conjugated with an antibody) showed no loss of cell viability. Viruses with the 2.2 SINDBIS coat and the Ig promoter showed a slight decrease in cell viability only in the presence of 10 mM 5-FC. This difference was modest compared to those observed in U266 cells. Using the Ubi-c promoter, ch128.1Av conjugated with BAP SINDBIS viruses yielded a slight decrease in cell viability; however, this difference was not significant. As expected, no decrease in viability was observed in CCRF-CEM T cells using the Ig promoter and ch128.1Av conjugated with BAP SINDBIS viruses.
Discussion
In this study we demonstrated cell specific EGFP expression in malignant B cells but not in malignant T cells, confirming the specificity of the Ig promoter. Using VSV-G pseudotyped lentiviruses, the activity of the promoter was found to be heterogeneous among different types of malignant B-cells. However, a higher percentage of EGFP expressing cells was consistently detected in MM cell lines. The MFI for the EGFP positive cells were much higher in U266 and MM.1S cells, however, for the other malignant B cells this was not the case. The fact that the Ig promoter is more active in MM cells is not surprising, as these cells actively produce Ig. As expected, no EGFP expression was observed in the 3 malignant Tcell lines tested. This is consistent with prior observations from a study that used this Ig promoter, finding high EGFP expression in MM cell lines and no expression in nonmyeloma cell lines [44] . This study also showed that lentiviruses pseudotyped with the VSV-G envelope carrying the human iodide symporter, under the control of the Ig promoter in combination with radioiodine, reduced non-specific infection and eradicated myeloma tumors in vivo. Together with the present studies, these results show that the use of this Ig promoter is highly effective in restricting transgene expression to myeloma cell lines. Whether this is also the case in primary malignant cells isolated from MM patients remains to be determined.
We have previously shown that ch128.1Av is able to deliver biotinylated pseudotyped lentiviral vectors resulting in EGFP expression in Jurkat T cells using a ubiquitous promoter [39] . Here we show that ch128.1 and ch128.1Av can be used to deliver the EGFP gene, with expression limited to malignant plasma cells and dependent on TfR1-mediated delivery. Overall, higher EGFP expression was observed with delivery through ch128.1, compared to ch128.1Av. The reason for this is unknown, but could be related to differences in intracellular trafficking as has been reported for the ch128.1 and ch128.1Av alone [26, 29] . Further studies are needed to explore this possibility. Using the Ubi-c promoter, similar levels of EGFP expression were observed in U266 cells transduced with either the VSV-G pseudotyped lentivirus or 2.2 SINDBIS viruses conjugated to ch128.1. 2.2 SINDBIS viruses conjugated to ch128.1 showed similar or higher EGFP expression compared to the VSV-G viruses using the Ubi-c promoter in all cell lines tested, suggesting that the TfR1 is a meaningful target for the gene therapy of cancer even with the use of a ubiquitously active promoter. This increased expression in some cells using the 2.2 SINDBIS viruses conjugated to ch128.1 could be due to different pathways of viral entry. VSV-G mediates viral entry through the LDL receptor, while targeted viruses are endocytosed through the TfR1. However, a lower percentage of cells showed EGFP expression with the Ig promoter in the malignant B cells tested that were transduced with 2.2 SINDBIS conjugated with 128.1 compared to VSV-G-containing viruses. This is most likely due to the fact that the Ig promoter is weaker or less active in certain cells than the Ubi-c promoter. Interestingly, the highest EGFP expression observed with the Ig promoter was with ch128.1 conjugated to 2.2 SINDBIS virus in MM.1S cells, while ch128.1Av conjugated to BAP SINDBIS had the highest EGFP expression in U266 cells, which could be due to the different characteristics of the cancer cells tested. In our panel of T cells, EGFP expression with ch128.1 conjugated to 2.2 SINDBIS viruses was similar to that of VSV-G pseudotyped lentivirus using the Ubi-c promoter. Compared to these viruses, lower EGFP expression was observed with ch128.1Av conjugated with biotyinylated viruses. The level of EGFP expression that we observed in Jurkat cells was comparable with our previously reported observations [39] . No EGFP expression was observed with the Ig promoter in T cells, as expected. Whether or not the viruses pseudotyped with 2.2 SINDBIS conjugated with ch128.1 will yield higher transduction efficiencies and transgene expression rates in in vivo (compared to BAP SINDBIS conjugated to ch128.1Av) remains to be determined.
Our EGFP data showed that our dual targeted approach worked as expected and led to high gene expression levels in malignant plasma cells. This suggests that other genes will also be specifically expressed in malignant plasma-cells. We chose a gene-directed enzyme-prodrug strategy since this system can enhance the selectivity of cancer chemotherapy and have the potential to target surrounding cells through the bystander effect [52] . We used the FCU1 (CD/UPRT) gene since we had previously used it for protein delivery [45] as well as the fact that prodrug approaches using 5-FC have been reported to have a high bystander effect when compared to other prodrug strategies, including the herpes simplex virus thymidine kinase/ganciclovir system, since the bystander effect of 5-FC is not dependent on gap junctions [53, 54] . The CD/5-FC combination has been used to target cancer cells in various ways, including the use of Epstein Barr virus-based vectors, oncolytic measles viruses, and nanoparticles [55] [56] [57] [58] [59] . Additionally, clinical trials have been conducted in studies using CD in combination with 5-FC and have shown safety in humans [53] . Importantly, the delivery of FCU1 via adenoviruses was shown to be a more effective prodrug activation system, compared to the thymidine kinase/ganciclovir and CD/5-FC systems in vitro [60] . However, a lentiviral strategy targeting the TfR1 using an Ig promoter had not been previously explored in the field of cancer therapy.
Our data using the therapeutic gene FCU1 did not always parallel our EGFP studies. Since the EGFP gene is a standard reporter gene for gene therapy studies, our data provide a cautionary note that the use of EGFP may not always predict therapeutic gene efficacy in vitro. However, given the fact that EGFP expression can be controlled in malignant B-cells, this suggests that the expression of other therapeutic genes besides FCU1 may parallel EGFP expression. In general, the use of the Ubi-c promoter resulted in dose-dependent cell death when in the presence of the 5-FC prodrug. However, significant cell death using both promoters was only consistently detected in U266 cells but not in the other malignant B cells (MM.1S shown in Supplementary Figure 5 ; data not shown for other cell lines). The fact that our gene therapy strategies worked in U266 is highly important since these cells are inherently resistant to apoptosis due to the high expression of the anti-apoptotic protein Bclx L [61] . Furthermore, U266 cells are not sensitive to the direct cytotoxic effects of ch128.1Av or ch128.1 [26, 34] . Thus, our gene therapy approaches may be a meaningful treatment option in patients with MM that is resistant to other therapeutics.
The reason that FCU1-induced cell death was not consistent in the other MM cell lines is not known at this time, but could be due to the lower expression of the FCU1 enzyme. This could be problematic if a high expression level of the therapeutic gene is required for cytotoxicity. However, high expression of genes in a small population of cells in vivo can lead to a strong bystander effect, with toxic metabolites spreading to neighboring cells via non-facilitated diffusion [54] . Furthermore, 5-FC has been shown to accumulate in vivo after multiple doses, producing a significant reduction in tumors containing only 2% of CD transduced cells [54] . It has also been shown that FCU1 expressing tumor cells can be enriched through concurrent treatment with an inhibitor of pyrimidine de novo synthesis and cytosine [62] . This leads to pyrimidine depletion-mediated death of non-transduced cells and rescue of FCU1 expressing cells via the pyrimidine salvage pathway. This enrichment step followed by the administration of 5-FC lead to a near-complete bystander effect and marked decrease in tumor growth in a syngeneic murine NXS2 neuroblastoma model [62] . This study showed that it is possible to overcome the low efficacy in gene transfer in vivo. Moreover, infiltration of CD4 + and CD8 + T lymphocytes and macrophages has been detected in murine hepatocellular carcinoma cells (of which only 5% expressed CD) in immunocompetent mice treated with 5-FC. This infiltration led to significant tumor reduction and even complete regression of tumors in some animals. These animals were also protected from the subsequent challenge with non-CD expressing tumor cells [63] .
Toxicity to normal B-cells induced by our targeted gene therapy strategies was not tested in this study due to the difficulty in culturing primary B cells for extended periods of time. However, non-activated (resting) B cells express low levels of the TfR1 and thus, are not expected to be vulnerable to the cytotoxic effects of ch128.1Av or ch128.1 conjugated with lentiviruses encoding a therapeutic gene. Upon activation of B cells, TfR1 levels are known to increase, making this receptor a marker for B cell activation [64, 65] . Thus, toxicity to activated B cells would not be surprising. In fact, depletion of normal B cells occurs with other treatments for B-cell malignancies. Rituximab, which is used in the clinic for the treatment of NHL, causes transient depletion of normal B cells that can last for up to a year after cessation of treatment [66] . It is also important to note that hematopoietic stem cells lack TfR1 expression [36] [37] [38] and are not vulnerable to the effects of ch128.1Av alone or conjugated to a toxin [33, 35] . Therefore, if B cell depletion does occur upon treatment, this cell population can be regenerated from the hematopoietic stem cells.
Transcriptionally restrictive gene expression using tissue specific promoters and viral vectors has been explored by others. Different B cell specific promoters have been used, mostly for the purpose of designing gene therapy strategies for B-cell disorders. These promoters include a murine Ig κ promoter combined with a murine Ig heavy chain intronic and 3′ enhancers [67] , the CD19 promoter [68] , and various promoters (both ubiquitous and B-cell specific) combined with the murine heavy chain enhancer (Eμ) and the 5′and 3′ matrix attachment regions elements [69] [70] [71] [72] [73] . Our studies using antibody-mediated targeted lentiviral vectors with a B-cell specific promoter represent the first use of this approach. However, viruses pseudotyped with various SINDBIS envelopes containing the ZZ domain have been previously used to target other cancer types. In conjunction with a murine antibody targeting the human P-glycoprotein, viruses containing the m168 pseudotyped Sindbis envelope demonstrated enhanced in vivo targeting in a metastatic melanoma xenograft model [42] . In order to enhance the infectivity of the m168 envelope, SGN UTR mutations were introduced in order to create the 2.2 SINDBIS envelope [43] . Murine antibodies specific for the prostate stem cell antigen combined with lentiviruses pseudotyped with the 2.2 SINDBIS envelope and containing a prostate specific promoter (PSE-BC) have been shown to target prostate cancer bone metastases in vivo after systemic administration [41] . One potential problem with the use of the 2.2 SINDBIS vector in vivo is the competition with endogenous serum IgG for binding to the ZZ domain, which could decrease tumor targeting and efficacy. In an attempt to circumvent this problem, we also used the avidin-biotin system to form a more stable complex of our antibody and the virus. Previous studies have also utilized the avidin-biotin system to enhance tumor targeting. Metabolically biotinylated adenoviral vectors have been constructed by fusing the BAP from the biotin-dependent transcarboxylase enzyme of Propionibacterium shermanii to the structural proteins fiber capsid [74] and protein pIX [75] , allowing them to be conjugated to biotinylated ligands through the use of tetrameric avidin. Biotinylated viruses where the BAP is incorporated into the adenoviral fiber protein have been complexed with epidermal growth factor (EGF)-streptavidin to retarget the virus to EGF receptor expressing cells [76] . That study showed enhanced tumor targeting both in vitro and in vivo. The avidin-biotin system has also been used with lentiviral vectors with where avidin or stretpavidin was fused to the transmembrane anchor of VSV-G on gp64 pseudotyped viruses [77] . These avidin-containing viruses were then conjugated to biotinylated radionuclides and used in a dual imaging approach in the rat brain. Whether or not the BAP SINDBIS virus conjugated to ch128.1Av is be more stable in blood and has more anti-cancer activity in vivo (compared to 2.2 SINDBIS conjugated to ch128.1) remains to be determined.
In summary, this study serves as an initial proof-of-principle showing that ch128.1 and ch128.1Av are able to deliver pseudotyped lentiviruses into targeted cells and that high levels of gene expression can be restricted to malignant plasma cells. This approach minimizes gene expression in non-targeted cells, and thus decreases the potential for dangerous side effects that may occur with certain drug conjugates containing ch128.1Av. Additionally, this strategy is versatile and can be used with other therapeutic genes. For example, the use of a gene encoding a toxin that requires low transgene expression levels may be more beneficial. Moreover, other tissue specific promoters could be used to target other cancer types that express high levels of the TfR1. Additional studies are warranted to further explore the therapeutic potential of our dual targeted gene therapy approach.
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